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Abstract
A novel micro-scale repetitive impact test has been developed to assess the fracture resistance 
of hard coatings under dynamic high strain rate loading. It is capable of significantly higher 
impact energies than in the nano-impact test. It retains the intrinsic depth-sensing capability 
of the nano-impact test enabling the progression of the damage process to be monitored 
throughout the test, combined with the opportunity to use indenters of less sharp geometry 
and still cause rapid coating failure. The micro-impact test has been used to study the 
resistance to impact fatigue of Al-rich PVD nitride coatings on cemented carbide. The impact 
fatigue mechanism has been investigated in nano- and micro-scale impact tests. Coating 
response was highly load-dependent. A Ti0.25Al0.65Cr0.1N coating with high H3/E2 performed 
best in the nano- and micro- impact tests although it was not the hardest coating studied. The 
2role of mechanical properties, microstructure and thickness on impact behaviour and 
performance in cutting tests is discussed. 
1. Introduction
Al-rich PVD nitride coatings have been developed with dense nanocrystalline or columnar 
microstructures, high oxidation resistance, very good elevated temperature mechanical 
properties, low thermal conductivity at elevated temperature and potential for tribological 
adaptability through formation of complex tribo-films [1-30]. Consequently, they have shown 
excellent performance in machining aerospace alloys such as Ni-based superalloys (Inconel 
718, Waspaloy, ME16) [10,13,18], titanium alloys [7,9,18], and other hard-to-cut materials 
such as hardened steel [4,14,15,17], stainless steel [8] and super duplex stainless steel [30]. 
To enhance their performance further, advanced coating characterisation techniques can 
improve our fundamental understanding of the link between coating properties and durability 
in cutting so that their coating architectures can be optimised [6,22,23,31]. Accordingly, 
multi-scale, multi-technique mechanical/tribological characterisation is increasingly 
becoming an integral tool in streamlining the development of advanced wear resistant 
coatings. By performing nano- and micro-scale mechanical and tribological tests with 
different probe geometry, applied loads, test temperatures, contact geometry, static and 
repetitive loading it is possible to change the position of the peak stresses in contact and more 
closely simulate the actual contact conditions. 
Under the tribologically extreme contact conditions in metal cutting, a key requirement 
enabling the coating to protect the carbide substrate is resistance to fracture. Nanoindentation 
can be used to assess toughness as a measure of resistance to crack initiation and overload 
failure, but it is not possible to monitor crack propagation under repetitive, oscillating loading 
3conditions in the standard quasi-static nanoindentation test [23]. The dynamic, high strain rate 
repetitive nano-impact test is a suitable alternative. The high strain rate contact in this test can 
provide much closer simulation of the performance of coatings systems under highly loaded 
intermittent contact and the evolution of wear under these conditions. In practice, studies 
have reported a strong correlation between fracture resistance in the nano-impact test and 
cutting tool life. For example, Bouzakis and co-workers investigated the influence of the 
developed compressive stresses during micro-blasting on the brittleness of Ti40Al60N coated 
cemented carbide by performing nano-impact tests. They reported a correlation between the 
results of the nano-impact tests and the cutting performance when milling hardened steel 
(AISI 4140) [32]. Lower impact depth at the end of the test (high impact resistance) was 
strongly correlated with longer cutting tool life, and trends in tool life with micro-blasting 
pressure were well reproduced by the nano-impact test. The relative ranking of cutting 
performance after micro-blasting with ZrO2 and Al2O3 at a given pressure and the switch in 
relative performance between 0.2-0.4 MPa were also well reproduced in the impact test data 
[32].
Higher H3/E2, a measure of resistance to plastic deformation, commonly results in improved 
resistance to fracture initiation due to enhanced load support. H3/E2 has also been taken as a 
direct measure of fracture resistance [28]. Bartosik and co-workers have recently reported a 
strong correlation between H 3/E2 and the fracture toughness determined from cantilever 
bending experiments on annealed AlTiN coatings [29]. Coatings with very high H3/E2 have 
shown improved resistance to erosion by solid particle impact (erodent 50 m Al2O3) [33, 
34]. Hassani and co-workers noted that although very hard coatings were predisposed to 
brittle failure, maximising the H 3/E2 ratio could be achieved by reducing elastic modulus 
whilst maintaining an optimal hardness to provide the best combination of resistance to 
4plastic deformation and resistance to brittle failure [34]. Hassani et al. used finite element 
calculation to show that, for monolayer coatings, the combination of low elastic modulus and 
high thickness could reduce maximum tensile stress and potentially improve erosion 
resistance [35]. Finite element modelling results have suggested that, for multi-layer coatings 
with graded properties, a significant reduction in tensile stress could be achieved by 
increasing the elastic modulus closer to the coating-substrate interface [36]. Studies have 
shown that Al-rich (>50 at.%) (Ti,Al)N-based coatings display enhanced fracture resistance 
and are more durable in nano-impact testing. Even a small increase in Al:Ti ratio can result in 
greater resistance to cracking and lower final impact wear depths than TiN [37] or 
Ti0.50Al0.50N [25]. Resistance to repetitive nano-impact of 8  m Al0.54Ti0.46N coatings with 
varying through-thickness multilayered microstructure was improved by increasing the 
number of layers [38]. In more complex Al-rich coatings, impact resistance was improved in 
multilayered TiAlCrSiYN/TiAlCrN with higher H 3/E2 in comparison to monolayered 
TiAlCrSiYN coatings with lower H 3/E2 [3,13,14]. Higher H 3/E2 can result in more abrupt 
failures in repetitive tests. This has been investigated in monolayer TiAlCrSiYN and in 
TiAlCrSiYN/TiAlCrN with 55-60% Al [13]. Grain size decreases in TiAlCrSiYN multilayers 
at higher Al %. Monolayers and multilayers with higher Al fraction were more susceptible to 
fracture, but it occurred more gradually. 
By changing the applied load and probe geometry in the impact test, it is possible to alter the 
severity of the test and to move the positions of peak impact-induced stresses relative to the 
coating-substrate interface. Chen and co-workers studied the behaviour of multilayer 
TiAlSiN and monolayer TiN coatings on hardened tool steel in nano-impact tests with a cube 
corner probe at 10-150 mN [39]. A higher load was required for chipping in the multilayered 
TiAlSiN coating though they found no delamination on either coating throughout the load 
5range. The improved performance of the TiAlSiN coating tested in that study was considered 
to be due to a combination of microstructural (less columnar with multilayer structure to aid 
crack deflection) and mechanical (higher H3/E2) advantages over the monolayered columnar 
TiN.
Although it is relatively easy to fracture hard and tough PVD coatings with the nano-impact 
test when sharp cube corner probes are used, when blunter probe geometries are used it is not 
usually possible to cause rapid fracture on these types of samples. Therefore, it is desirable to 
increase the energy delivered per impact so that different indenter geometries can be used 
instead. Torres and co-workers have noted that, by switching from sharp to blunter spherical 
indenters, there is an intrinsic suitability for examining damage evolution in bulk materials as 
a function of number of cycles [40] and it is possible to assess fatigue sensitivity. Qiu and co-
workers have argued that very large radius probes are less suited for coating systems as the 
peak stresses are well into the substrate [41-42]. They, therefore, developed a repeated 
indentation test using a 200-micron radius probe and applied loads in the range 90-300 N. 
Although the test was not fully instrumented, so that it was necessary to stop it to observe 
deformation, they were able to show enhanced sensitivity to differences in adhesion strength 
due to changing interlayers [41-42]. 
In the current work, we report the first results with a new impact test capable of impact loads 
in the micro- range (~0.5-5 N). The energy supplied per impact is the product of the impact 
load and accelerating distance. The maximum energy supplied per impact with the micro-
impact technique is around 2 orders of magnitude greater than the maximum possible in the 
nano-impact technique. It retains the intrinsic depth-sensing capability of the nano-impact test 
enabling the progression of the wear process to be monitored throughout the test, combined 
6with the opportunity to use probes of less sharp geometry. The use of blunter probes prolongs 
the life of the tip and reduces the requirement of monitoring probe sharpness, simplifying the 
testing. Bouzakis and co-workers noted that, whilst many impact studies have focussed on 
fracture initiation, the subsequent film damage propagation is also important, as it relates to 
the ability of the coating to withstand loads after fatigue damage initiation [43]. In these tests 
without depth-sensing capability, it was necessary to stop the test periodically and employ 
averaged properties such as the failed area ratio to follow the evolution of damage process 
with time, which is not necessary in the micro-impact test. 
To investigate the suitability of the micro-impact test technique for evaluating hard coatings 
tests were performed on three Al-rich (>50 at.%) (Ti,Al)N-based coatings that have been 
shown to perform well in metal cutting applications [10,25,44]. AlTiN has previously been 
shown to be resistant to fracture in the nano-impact test [25], and TiAlCrN has higher hot 
hardness and oxidation resistance [44]. The coatings were also characterised by 
nanoindentation, micro-scratch, micro-wear and nano-impact test techniques. By performing 
micro- and nano-impact tests over a range of impact forces on the same coatings, it has been 
possible to contrast the deformation mechanisms operative in the tests due to the different 
loading conditions.
2. Experimental
2.1 Coating deposition
Ti0.1Al0.7Cr0.2N and Ti0.25Al0.65Cr0.1N coatings were deposited on mirror polished H10A 
cemented carbide WC-Co substrates from Ti0.1Al0.7Cr0.2 and Ti0.25Al0.65Cr0.1 powder 
metallurgical targets respectively in an R&D-type hybrid PVD coater (Kobe Steel Ltd.) using 
a plasma-enhanced arc source. Samples were heated up to about 500 °C and cleaned by Ar 
7ion etching. Ar-N2 gas was fed to the chamber at a pressure of 2.7 Pa with a N2 partial 
pressure of 1.3 Pa. The arc source was operated at 100 A for a 100 mm diameter x 16 mm 
thick target. The Al0.67Ti0.33N coating was synthesized using an Oerlikon Balzers' Rapid 
Coating System (RCS) in a cathodic arc ion-plating mode. During the deposition, the 
chamber was back-filled with a pure reactive nitrogen atmosphere and the pressure was in the 
range 1-4 Pa. The substrates had 3-fold rotation and were heated to a temperature of ~600 °C, 
with an average substrate bias of −100  V. For simplicity, the Ti0.1Al0.7Cr0.2N, 
Ti0.25Al0.65Cr0.1N and Al0.67Ti0.33N coatings are hereafter referred to as TiAl70CrN, 
TiAl65CrN and AlTiN respectively. The target coating thickness was (2.0 ± 0.5) µm. R a 
surface roughness was ~0.06 µm for the AlTiN and TiAl70CrN and ~0.17 µm for the 
TiAl65CrN. The grain size is ~5 nm in AlTiN and ~20 nm in TiAl70CrN [18]. XPS studies 
of electronic structure have shown that AlTiN has more metallic character than TiAl70CrN 
where bonding is closer to metal-covalent [18]. The coatings have predominantly TiN-based 
fcc crystal structure, with solid solution of Al or (Al,Cr) [18]. AlTiN has more wurtzite h-
AlN. Relatively small changes in the PVD conditions can alter the grain size, columnar 
character and mechanical properties of AlTiN with the same chemical composition [12]. The 
elastic modulus of the AlTiN studied here is higher than those reported in other studies [26-
28], consistent with less dual-phase h-AlN in the tested coating.
2.2 Nanomechanical and micro-scratch characterisation
Nanoindentation, micro-scratch, nano- and micro-impact tests were performed with a 
NanoTest system (Micro Materials Ltd, Wrexham, UK). Nanoindentation was performed 
with a Berkovich diamond indenter. The instrument was fully calibrated for load, 
displacement, frame compliance and indenter shape according to an ISO14577-4 procedure. 
The area function for the indenter was determined by indentation into a fused silica reference 
8sample. For the nanoindentation of the coatings, a peak load of 40 mN was chosen to 
minimize the influence of the relatively high surface roughness on the data whilst ensuring 
that the indentation contact depth was under 1/10 of the film thickness so that a coating-only 
(load-invariant) hardness could be measured in combination with coating-dominated elastic 
modulus. Due to the high surface roughness, 40 indentations were performed on each coating. 
Hardness and reduced elastic modulus were determined from power-law fitting to the 
unloading curves. The elastic modulus and Poisson ratio of the diamond indenter were 1141 
GPa and 0.07 respectively. The reduced indentation moduli were converted to Elastic moduli 
assuming a Poisson ratio for both coatings of 0.25. The micro-scratch tests were performed as 
topography-scratch-topography scans with a 25 μm  end radius diamond probe. In all scans, 
the scanning speed was 5 µm/s, and the scratch track length was 800 µm. In the ramped 
scratch scan after a 200 µm levelling distance, the load was ramped at 100 mN/s to 12 N. 
Three repeat tests were performed on each coating. Three repetitive constant load (multi-pass 
wear) tests were also performed. After an initial topographic (pre-wear surface profile) scan, 
in scans 2-11 the load was ramped to 2 N and kept at this level until the end of the test. 
Residual deformation after the 10-cycle wear test was assessed by a final topographic (post-
wear surface profile) scan. The variation in the mean depth and friction averaged over the 
constant load region of the scratch track was recorded to assess the number of cycles required 
for coating failure.
2.3 Nano- and micro-impact tests
Nano-impact testing was performed with a NanoTest fitted with a cube corner indenter as an 
impact probe. The indenter was accelerated from 10 µm above the coating surface with 50-
150 mN impact load to produce an impact every 4 s for 300 or 600 seconds (75 or 150 
impacts). The coatings’ resistance to impact fatigue was assessed by following the 
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performed with two diamond cube corner indenters, which differed in their end radius (a new, 
sharp ~50-100 nm tip, and an older tip, which had become blunter through wear ~150 nm). 
10 repeat 600 s tests were performed at 150 mN with the well-used cube corner on all three 
coatings. Tests with the sharper probe were performed at 50-150 mN on the two better 
performing coatings, AlTiN and TiAl65CrN. There were 7 repeat 300 s tests at 50 mN and 5 
repeat 600 s tests at 100 and 150 mN. 
To enable micro-impact tests to be performed, the high load head of a NanoTest Vantage was 
extended below the indenter position. This adapted loading head was actuated with a large 
electromagnet capable of pulling the probe at least 50 µm away from the sample surface. A 
spheroconical diamond indenter with nominal end radius of 25 µm was used as an impact 
probe. Calibration on fused silica showed the actual radius was ~17 m. Repeat micro-impact 
tests were performed at 0.75-2.5 N with a constant accelerating distance of 40 µm. The test 
duration was 300 s with 1 impact every 4 s, resulting in 75 impacts in total. There were 3 
repeats at each load which were separated by 200 µm. SEM imaging (using an FEI XL30 
ESEM at 20 kV and a working distance of 6 - 8 mm) and EDX analysis (Oxford instruments 
and Aztec software) was performed on micro-scratch tracks, micro-wear tracks and micro-
impact craters. Confocal Laser Scanning Microscopy of the micro-impact craters was also 
carried out using an Olympus Lext OLS3100 on areas of 128 μm x 96 μm.
3. Results
3.1 Nanoindentation, micro-scratch and micro-wear 
The mechanical properties from the nanoindentation tests and the critical load from the 
micro-scratch tests are summarised in Table 1. The mechanical properties of the three 
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coatings are similar with H  ~ 25-28 GPa and E ~ 440 GPa. The resistance to plastic 
deformation, H 3/E2, was highest on the TiAl65CrN and lowest on the TiAl70CrN. The 
critical load for coating cracking (Lc1) in the micro-scratch test was similar on all three 
coatings but there were clear differences in the L c2 coating failure. This was highest on the 
TiAl65CrN and lowest on the TiAl70CrN. For all of the coatings, the friction coefficient at 
failure was ~0.13-0.15 in the progressive load micro-scratch test (Figure 1).
The SEM imaging revealed tensile (cohesive) arc cracking prior to total (cohesive+adhesive) 
coating failure for all three coatings. Figure 2 (a-b) shows the secondary electron (SE) and 
back-scattered (BS) images of coating failure on the TiAl65CrN coating. The BS image 
shows that substrate exposure occurred to the sides of the scratch track at coating failure. The 
increase in load between the onset of the cracking and total failure (Lc2-Lc1) was greater for 
the TiAl65CrN coating. For the other two coatings, substrate exposure was also observed in 
the scratch track, initially periodically, with smaller chipping and substrate exposure outside 
the track (as illustrated in figure 2 (c-d) for TiAl70CrN). 
In the repetitive micro-scratch tests at 2 N, the variation in mean on-load scratch depth 
(Figure 3) and measured friction force with number of scratch passes were monitored to 
determine the number of cycles to coating failure. 2 N is close to the Lc2 critical load for the 
TiAl70CrN and this coating already started to fail in the first scratch pass. With subsequent 
scratches on this coating, the friction coefficient increased from an initial value of 0.16. On 
the AlTiN and TiAl65CrN coatings, several scratches were required before the coating 
started to fail. Coating failure initially occurred over isolated regions of the 500 µm long 
region of the track at 2 N. With continued scratch passes, progressively more of the scratch 
track exhibited coating failure. In the tests shown in Fig. 3, AlTiN started to fail over a 
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significant fraction of the scratch track on the sixth pass and TiAl65CrN on the 8th. Similar 
results were obtained in the other repeat tests on these coatings. For the AlTiN and 
TiAl65CrN coatings, the difference in depth before and after coating failure provides an 
estimate of coating thickness which was 2.0 and 2.5 µm respectively. For these two coatings, 
the friction coefficient reduced to ~0.08 at failure before increasing thereafter. For the 
TiAl70CrN, the thickness from confocal microscopy was 1.6 µm. BS imaging showed that 
there were greater chipping and substrate exposure outside the wear track for the coating 
which failed more abruptly in the test, TiAl65CrN, than on the other two coatings.
3.2 Nano-impact testing
It was not possible to produce coating failure in nano-impact tests with the less sharp cube 
corner indenter on the TiAl65CrN or AlTiN coatings in 600 s at 150 mN, although the 
TiAl70CrN failed within a few impacts (figure 4). With the sharper probe, the TiAl65CrN or 
AlTiN coatings did not fail in most 300 s tests at 50 mN either but failed at higher load. The 
typical results shown in figure 5 suggest that the failure mechanism differed between these 
two coatings. There was a shorter time-to-failure for the AlTiN with a more gradual, 
progressive increase in impact depth thereafter. In contrast, on the TiAl65CrN the initial 
failure required more impacts and was more abrupt. Table 2 summarises the failure behaviour 
and impact depth data after 300 s and 600 s. The TiAl65CrN was more resistant, but once 
failure occurred, there was little difference in impact depth.
3.3. Micro-impact testing
All three coatings showed a strong dependence on impact load as illustrated for TiAl65CrN 
in figure 6. The impact load required to cause coating failure within the 300 s test varied 
between the coatings as summarised in Table 3. TiAl70CrN was the least impact resistant, 
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with failure occurring in 1/3 tests at 0.75 N and all tests at 1.0 N. TiAl65CrN was most 
impact resistant, with no failures to 1.25 N and only one failure at 1.5 N. AlTiN exhibited no 
failures at 0.75 N, but failed in some tests at 1.0-1.5 N. At 1.75 N all coatings failed in every 
test. The variation in the (on-load) impact depth through the duration of the test is shown in 
figure 7 (a-c), with one example shown from each impact load. Confocal microscopy of 
impact craters revealed little elastic recovery in the impact depth after the load removal. An 
example comparison at 1.25 N is shown in figure 8. During the first few impacts all three 
coatings showed similar behaviour, but with continuing impact clear differences emerged. 
After ~100 s (25 impacts), the TiAl70CrN begins to fail, and after further impacts, a more 
gradual failure was also seen for the AlTiN, but the TiAl65CrN was resistant to the end of the 
test. 
When there is no chipping of the coating, little or no change in impact depth with repetitive 
impacts was found after the first few impacts. Confocal microscopy showed, however, that 
ring cracks were present even for tests where chipping was absent (figure 9). BS images of 
impact craters (e.g. figure 6) confirm that no substrate exposure occurs in any impact tests 
where the depth did not increase significantly after the first impacts. Confocal microscopy 
showed slight pile-up around the impact craters in some tests where substrate exposure did 
not occur, with more significant debris displaced above the original surface being observed at 
the edge of the impact crater in tests where there was coating chipping and substrate 
exposure. SE and BS images show that the predominant coating failure occurs around the 
periphery of the impact crater, as illustrated for TiAl65CrN in figure 10. There was some 
chipping extending beyond this region, but it did not reach the substrate. EDX analysis 
confirms the periphery is largely composed of elements from the exposed substrate. In the 
central region of the impact crater the coating was still present, but with additional elements 
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from the WC-Co substrate also found, due to coating wear. A transition to a faster wear rate 
was observed in the latter part of most the tests at >2 N on the AlTiN and TiAl65CrN 
samples which resulted in greater final impact depth. EDX analysis of the central region of 
the impact craters showed that it was largely composed of W, C and Co and the coating was 
completely removed from this region. However, BS images showed that when this transition 
was not observed in the impact depth data, the coating was still present in this central region.
4. Discussion
The novel micro-impact test was effective in causing failure of the hard PVD coatings in 
short test duration. The behaviour of the coatings in the test is highly load-dependent as 
shown in Table 3. Figure 11 shows how the mean depth after (a) one impact and (b) at the 
end of the test varies across the load range for the three coatings. The repetitive micro-impact 
tests show excellent reproducibility in the mean depth after a single impact and also in the 
mean depth at the end of the test when fracture does not occur in any of the repeat tests at that 
load. When fracture does occur in some of the repeat tests this results in greater variability in 
the time to failure and the final depth, i.e. the test displays a typical stochastic response for a 
fracture-dominated process. In terms of resistance to a single impact, there was no difference 
between any of the coatings across the entire load range. However, the final depth data after 
75 impacts correlate with the impact fracture data presented in Table 3, with TiAl70CrN 
being the least fracture resistant and TiAl65CrN the most resistant when subjected to multiple 
impact. The influence of coating microstructure, mechanical properties and thickness on this 
behaviour is discussed more detail in section 4.3. At >2 N all the coatings failed, but the final 
depth on TiAl70CrN was not as great as for AlTiN or TiAl65CrN. TiAl70CrN is more 
closely modulus matched with substrate, which may be beneficial in hindering crack 
propagation [45]. Micro-impact tests at 1.5 and 2.5 N on the uncoated substrate have shown 
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that it has better crack resistance than the coatings under these conditions. Lower final impact 
depth on the TiAl70CrN at 2.25 and 2.5 N may, therefore, be related to its lower thickness. 
Apart from this switch in behaviour at the highest loads, the three coatings showed the same 
relative ranking in the nano- and micro- impact tests, although there were some differences in 
degradation mechanism, which are discussed in more detail in the following sections.
4.1 Micro-impact deformation mechanism
By examining the impact depth vs time plots and SE and BS images of impact craters, it is 
possible to determine the general features of impact-fatigue mechanism on these PVD 
coatings on cemented carbide substrate. The deformation proceeds through 4 distinct stages 
as the test progresses:
Stage 1. During the initial impacts, the WC-Co substrate yield stress is exceeded, and the 
impact depth increases until the stress in the contact decreases due to plastic deformation and 
increased contact area. Ring cracking may occur (as in Figure 9), but radial cracks are absent.
Stage 2. Once the contact size has increased to the point that the substrate no longer yields, 
there is minimal change in impact depth with each successive impact. Provided the coating 
does not start to chip, this cyclic impact fatigue continues through the test. In some tests, 
there was a very small depth decrease with continued impacts, due to work hardening of the 
coating, which may be implicated in the onset of coating damage. The highest stresses are at 
the periphery of the contact. Fatigue damage is most significant here, as is commonly 
observed in radial fretting contacts. The stress distribution is a function of load, coating 
thickness and mechanical properties. On each impact, the coating has to bend significantly to 
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accommodate the substrate elastic (and plastic) deformation, increasing the likelihood of 
cracking.
Stage 3. The impact depth starts to increase as the coating begins to become damaged by 
cracking. The joining up of these cracks ultimately leads to coating removal [38,46]. With 
continued impact, there is a transition to a more pronounced wear process involving through-
thickness cracking and/or large chipping events and more rapid increase in probe depth. EDX 
data show this involves coating failure and substrate exposure around the periphery of the 
impact crater.
Stage 4. In the final stage, the damage tolerance of the failed coated system controls the wear 
behaviour. At higher load (≥ 2 N) after a larger number of impacts, there is a transition to a 
total coating failure where the coating is completely removed. This leads to a second period 
of more rapid depth increase in the micro-impact test. 
4.2 Length scale effects - contrasting deformation in nano- and micro-impact tests
Figure 12 shows typical examples of higher load nano- and micro-impact tests on the 
TiAl65CrN after frame compliance correction to compare the evolution of impact depth in 
both types of test. In these examples the number of repetitive impacts required for failure (18 
and 20) was quite similar in both tests. The failure is more abrupt, with the depth increasing 
more rapidly over a smaller number of cycles in the nano-impact test with the sharp cube 
corner probe. Chipping outside of the impact crater is the predominant failure mode for 
nitride coatings in the nano-impact test [18,39,50,51]. TEM of FIB x-sections through impact 
craters showed that on TiAlSiN cracks begin in the coating and no delamination was 
observed [39]. 3D-FEM simulations of nano-impact tests on 3 µm Al60Ti40N and various 
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multilayer and monolayer Al54Ti46N 8 µm PVD coatings deposited on cemented carbide 
inserts with cube corner diamond indenters also focussed on coating degradation [38,46]. The 
model calculated the von Mises stress in the impact region. When the maximum stress 
between nodes exceeded the rupture stress, these nodes become disconnected and crack 
formation is simulated. In this way, it was possible to reproduce the experimental load 
dependence of impact fatigue and its initiation and evolution with continued impacts.
Whilst it was possible to interpret the behaviour in the nano-impact by focussing on the 
coating behaviour alone, in the micro-impact test it is important to consider the composite 
response of the coating and substrate. The depth at failure is greater in the micro-impact test 
due to greater elastic deformation of the substrate and coating bending to accommodate this. 
Finite element analysis has shown that changing the ratio between coating thickness h  and 
indenter radius R can influence the dominant failure mechanisms in deformation of a coated 
system by a spherical indenter [52]. The h/R ratio varies between the micro- and nano-impact 
tests. Taking the effective radius for the cube corner indenter as at least a few hundred nm at 
the relevant penetration depths, gives h /R ~1-10 in nano-impact and ~0.1-0.15 in micro-
impact. These differences influence the deformation mechanism. In contrast to the chipping 
without delamination observed in nano-impact, in the micro-impact the chipping is 
accompanied by substrate exposure and degradation of the hard WC at the periphery of the 
impact crater. The advantages of the micro-impact test lie in its ability to (1) use probes of 
less sharp geometry, which are more durable than sharper probes, and still cause rapid 
coating failure due to the higher impact energy (2) use different h/R to investigate the role of 
the substrate on the coating degradation mechanism.
4.3 Influence of mechanical properties on impact resistance
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A complex relationship exists between coating mechanical properties and impact resistance. 
As previously shown [22], the interplay between coating mechanical properties, thickness 
and microstructure determine impact resistance. In coatings with very high H3/E2, materials 
dissipative mechanisms such as localised plasticity to minimise strain accumulation are 
necessarily more limited. To optimise coating durability, a structural advantage is beneficial, 
such as multi-layering, grain refinement/suppression of weak columnar boundaries or 
introduction of a sub-layer. In the TiAl65CrN coating, the combination of higher H3/E2 and 
greater thickness confers benefits, but there is no accompanying microstructural advantage, 
so more extensive chipping was observed in micro-scratch testing. The denser nanocrystalline 
AlTiN has a microstructural advantage in comparison to the columnar TiAlCrN coatings by 
virtue of removing columnar boundaries which can be detrimental to crack propagation. The 
differences between AlTiN and TiAl65CrN in the nano-impact tests with the sharper probe 
are consistent with differences in H3/E2 and in plasticity. As the variation in H3/E2 between 
the three coatings is relatively small differences in coating thickness may also play a role. 
Musil has shown that increasing coating thickness in hard coating systems on soft substrates 
increases the resistance to circular cracking on indentation [53-55]. However, the substrate in 
the current study, H10A cemented carbide, is stiffer and, at ~23 GPa, almost as hard as the 
nitride coatings. In a recent study, a 1.3  m AlTiN showed significantly better impact 
resistance than a 3.6 m AlCrN coating [17]. Despite differences in contact geometry in the 
scratch and impact tests, the relative performance of the three coatings is the same in both 
types of test. The higher H3/E2 and coating thickness are beneficial in providing greater load 
support resulting in higher critical load and cycles to failure in the micro-scratch test and 
resistance to impact-fatigue in the impact test. Chipping outside the impact crater or scratch 
track is more extensive for the coating with the highest H3/E2. In the repetitive scratch test, 
the reduction in friction with number of scratch passes is due to an initial smoothing out of 
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asperities and reduction in ploughing component until the coatings failed whereupon the 
friction increases as in the ramped load scratches. This increase in friction is due to increased 
contact area from ploughing and contact with debris at the sides of the track as observed with 
increasing load in the ramped scratch test.
5. Conclusions
The novel micro-scale impact test is capable of significantly higher impact energies than in 
nano-impact which results in rapid failure of PVD coatings when impacted with a 
spheroconical diamond probe with 17-micron end radius. The response of the TiAl65CrN, 
TiAl70CrN and AlTiN coatings deposited on cemented carbide was strongly load-dependent. 
The coating performance in the nano- and micro-impact tests, and in micro-scale scratch and 
wear tests, was influenced by a combination of their mechanical properties, microstructure 
and thickness. The coating with highest H3/E2, TiAl65CrN, performed best in the nano- and 
micro- impact tests, although it was not the hardest coating studied. There are some 
similarities and differences in the impact fatigue mechanism in nano- and micro-scale impact 
tests due to the different stress distributions involved. Failure on repetitive impact with a 
sharp cube corner probe in the nano-impact test was by coating chipping, whilst in the micro-
impact test with the spherical probe, cracking was accompanied by debonding around the 
periphery of the contact and substrate fatigue
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Tables
Table 1 nanoindentation and micro-scratch results
H (GPa) E (GPa) H/E H3/E2 (GPa) Lc1 (N) Lc2 (N)
AlTiN 25.6 ± 4.9 413 ± 58 0.062 0.099 1.2 ± 0.2 2.9 ± 0.4
TiAl65CrN 27.8 ± 1.5 445 ± 87 0.062 0.108 1.4 ± 0.1 4.6 ± 0.2
TiAl70CrN 27.5 ± 6.5 467 ± 62 0.059 0.095 1.2 ± 0.1 2.1 ± 0.1
Table 2 Nano-impact results on TiAl65CrN and AlTiN with sharper cube corner
Applied 
Load (mN)
Impact depth 
at 300 s (µm)
Failure at 
300 s*
Impact depth 
at 600 s (µm)
Failure at 
600 s
50 1.6 ± 0.8 1/7
100 3.7 ± 0.2 5/5 4.1 ± 0.2 5/5
AlTiN
150 4.4 ± 0.2 5/5 4.8 ± 0.2 5/5
50 1.1 ± 0.1 0/7
100 2.4 ± 0.8 3/5 3.5 ± 1.2 4/5
TiAl65CrN
150 4.2 ± 0.5 5/5 4.7 ± 0.4 5/5
* The tests at 50 mN were stopped after 300 s.
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Table 3 Load dependence of number of micro-impact tests showing coating failure and 
substrate exposure
Impact force (N)
0.75 1.0 1.25 1.5 1.75 2.0 2.25 2.5
AlTiN 0/3 1/3 2/3 1/3 3/3 3/3 3/3 3/3
TiAl65CrN 0/3 0/3 0/3 1/3 3/3 3/3 3/3 3/3
TiAl70CrN 1/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3
Figure captions
1. Friction coefficient vs. load in progressive load micro-scratch tests.
2. SEM images of the coating failure in the micro-scratch test. a) SE image on TiAl65CrN. b) 
BS image on TiAl65CrN c) SE image of TiAl70CrN d) BS image of TiAl70CrN.
3. Evolution of the on-load scratch depth with number of scratches in repetitive micro-scratch 
tests at 2 N.
4. Nano-impact tests at 150 mN with the blunter probe.
5. Nano-impact tests at 50-150 mN with the sharper cube corner probe. (a) TiAl65CrN (b) 
AlTiN.
6. SE (top) and BS (bottom) SEM images of impact craters on TiAl65CrN at impact forces of 
750 mN (furthest left), 1000 mN, 1250 mN, 1750 mN, 2000 mN and 2250 mN (furthest 
right). No substrate is visible for tests at 1250 mN or lower.
7. Example micro-impact test depth vs. time data over the load range 750-2500 mN (a) 
TiAl65CrN (b) AlTiN (c) TiAl70CrN.
8. Comparative micro-impact test results on each coating at 1250 mN.
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9. Confocal micrograph of impact craters showing ring cracking. (a) TiAl70CrN 750 mN (b) 
AlTiN 1500 mN (c) TiAl65CrN 1000 mN.
10. SE (left) and BS (right) SEM images of an impact crater on TiAl65CrN at 1750 mN.
11. Load dependence of initial (a) and final (b) impact depth.
12. Comparison of the evolution of damage on TiAl65CrN in (a) nano-impact with the sharp 
cube corner and (b) micro-impact with the R = 17 m spherical probe.



















